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Thick ascending limb of Henle's loop
MAURICE B. BURG
National Heart, Lung, and Blood Institute, National Institutes of Health, Bethesda, Maryland
The first direct studies of thick ascending limbs of Henle's
loop were made in 1966 [1]. At that time, the studies utilized a
recently described technique for dissecting renal tubules from
fresh rabbit kidneys [21. Cellular content and exchange of
sodium and potassium were measured. Seven years later this
segment was first perfused in vitro [3, 4], and active chloride
absorption was observed. Later, an apparently identical trans-
port system was discovered in amphibia [5] and fresh water
teleosts [6] in their distal tubules ("diluting segments"). The
conservation of this specialized system of active chloride
transport through the evolutionary process suggests an impor-
tant function. In the following I summarize the direct studies
that have been published on thick ascending limbs and diluting
segments to analyze the transport mechanisms involved and
speculate on their functional significance.
Anatomy. The thick ascending limb of Henle's loop is con-
ventionally divided into two parts, a medullary and a cortical
portion [71. The ultrastructure and function of these segments is
illustrated in Figure 1 [81. Within a local region of the thick
ascending limb there is only one cell type, which varies,
however, in the number and distribution of its luminal microvilli
[9]. The change in cellular ultrastructure from the medulla to
cortex is gradual, and it is not clear that the cortico-medullary
junction is the exact demarcation. Also, the cells in the cortical
segment become gradually thinner as the cortical surface is
approached. In fresh water teleosts [61 the entire distal tubule is
a functionally analogous segment. Marine teleosts have none
[10]. In amphibia only the early part of the distal tubule has the
analogous function. It differs strikingly both in ultrastructure
[11] and function [51 from the late distal tubule. For conve-
nience I will refer to it as the "diluting segment" in both
amphibia and teleosts.
Sodium chloride transport. One important function of this
segment is to dilute the tubule fluid by reabsorbing sodium
chloride in excess of water. As summarized in Table 1 [3—6, 13—
161 thick ascending limbs and diluting segments have a low
'In some studies in Table I the water permeability was not signifi-
cantly different from zero. Because relatively rapid perfusion rates were
used in those studies, however, changes in concentration of the volume
marker resulting from the low, but finite, water permeability measured
in other studies would not have been detected reliably. Because of fast
perfusion rate the urea permeability may be underestimated in the
rabbit medullary thick ascending limb as well.
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transepithelial osmotic water permeability.' The water perme-
ability is so low that the transepithelial concentration difference
caused by sodium chloride reabsorption is only slightly dissipat-
ed by the relatively low rate of osmotic water absorption that
results.
Sodium chloride transport by thick ascending limbs and
diluting segments was measured in two ways: (1) The perfusion
rate was slow enough so that sodium chloride concentration in
the collected tubule fluid was measureably lower than in the
perfusate. Since there was no appreciable fluid absorption, the
rate of sodium chloride absorption was simply the product of
this concentration difference times the perfusion rate. The
result was variable depending on the perfusion rate, because
sodium chloride absorption decreases at slow rates as its
concentration falls in the lumen [18, 19]. This accounts for some
low rates of sodium or chloride flux on Table 2. (2) Alternative-
ly, net flux was measured at fast perfusion rates from the
differences between unidirectional radiolsotopes fluxes.2 In
rabbits the net sodium flux measured as the difference between
the unidirectional fluxes is greater in the medullary thick
ascending limb (40 pmoles/cm sec, ref. 4 in Table 2) than in the
cortical segment (13 pmoles/cm sec, ref. 3 in Table 2). It is of
interest that the net sodium and chloride fluxes in the frog,
salamander, and trout are approximately as great as in the
various mammals, despite the fact that tubules from the poikilo-
therms were studied at room temperature, whereas the mamma-
lian tubules were studied at 37°C. At room temperature the
transport in the mammalian thick ascending limbs is greatly
reduced [14].
As a result of sodium chloride absorption in excess of water,
sodium chloride concentration in tubule fluid falls to limiting
value or "static head." The static head in vivo can be estimated
from the sodium chloride concentration of 30 to 60 m mea-
sured by micropuncture in the earliest accessible part of the
distal tubule [32]. The static head was 65 mrs's in isolated
perfused rabbit cortical thick ascending limbs [3, 161 and 117
2From this point of view it is preferable to measure the radioactivity
appearing on the trans side rather than decreases in activity on the cis
side. Then the perfusion rate can be fast enough to avoid significant falls
in concentration on the cis side. Thus, the lumen to bath flux is best
measured by placing the isotope in the perfusate and measuring its
appearance in the bath and vice versa. When the decrease in radioactiv-
ity between perfused and collected fluid is measured, slow flow rates
may be needed for accuracy (as already discussed for measuring water
and urea permeability), and transport rate may be affected. Further,
there is a risk that isotope which disappears from the perfusate might
stick to glass, and so forth, and not actually be transported. This is a
particular problem with calcium [31].
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Fig. 1. Cellular anatomy and function of thick ascending limb [81.
mM in the medullary portion [4]. Thus, in the rabbit the
medullary thick ascending limb transports sodium chloride
more rapidly, but the cortical portion achieves a lower sodium
chloride concentration at static head.
The transepithelial voltage normally is lumen positive in thick
ascending limbs and diluting segments (Table 3). Therefore,
transepithelial chloride transport is active because it proceeds
against both a concentration and electrical gradient. The mech-
anism of sodium transport is not analyzed as simply because it
proceeds against its concentration gradient but along its electri-
cal gradient. The magnitude of the transepithelial voltage is
between 3 and 14 mV in the different species and segments at
high flow rates. Because this voltage results from the active
chloride transport (and not from transepithelial ion gradients) it
is a "transport voltage" or "transport potential." The transepi-
thelial voltage increases when flow is slowed. The increase
results from the sodium chloride "dilution potential" which
occurs as sodium chloride transport lowers the sodium chloride
concentration in the tubule fluid. The permeability to sodium is
greater than that to chloride (Table 1) accounting for the
dilution potential. The dilution potential can be measured
directly by perfusing rapidly with sodium chloride concentra-
tions different from the bath. It is symmetrical [3, 14, 37], and
from its magnitude the NaICI conductance ratio can be calculat-
ed (Table 3). This is in reasonable agreement with the ratio of
sodium to chloride permeability measured with radioisotopes
(Table 2). Thus, the voltage rises at slow perfusion rates
because then the sodium chloride concentration in the lumen
decreases, producing a significant dilution potential that adds to
the transport potential. When perfusion is stopped completely,
the transepithelial voltage rises to a steady value, as listed on
Table 3. The steady value of the stop flow voltage is the voltage
at static head. Thus, the transepithelial voltage has two compo-
nents, the transport potential which is observed at a sodium
chloride concentration in the tubule fluid equal to that in the
bath, and the sodium chloride dilution potential which adds to it
as sodium chloride is reabsorbed. This combination leads to a
Watera Ureaa Sodiumb Chlorideb
Medullary thick ascending limb
Rabbit 0 141
Mouse 6 to 23 [13, 14, 151
Rat 0 [131
0 [12] 0.63 [4]
0.23 [14]
0.11 [4]
0.10 [14]
Cortical thick ascending limbs
Rabbit 1113], 28 [16] 0.20 [171 0.28 [3] 0.14 [3]
Diluting segments
Frog 11 [5]
Trout 31 [6]
gradual increase of transepithelial voltage along thick ascending
limbs, reaching a maximum at the point in the cortical segment
where static head is achieved. The two sources of the transepi-
thelial voltage should be kept in mind since, as will be dis-
cussed, they may have different consequences for the transport
functions of thick ascending limbs.
The transepithelial sodium and chloride permeabilities, esti-
mated from radioisotope fluxes, are high (0.10 to 0.63 x i04
cm/sec, Table 1). The transepithelial electrical resistance is
correspondingly low (11 to 34 ohm cm2, Table 3). On the likely
assumption that sodium and chloride are the dominant conduc-
tive ions, the ion permeabilities should be predictable from the
electrical conductance and vice versa. When this comparison is
made, however, the electrical conductance is disproportionate-
ly high [14]. It is of interest to speculate why. The principal
pathway for sodium chloride permeation may well be paracellu-
lar, through the tight junctions [14, 41]. Consistent with this
theory diffusion and bionic potentials are symmetrical in thick
ascending limbs. Accepting that the sodium chloride perme-
ation is paracellular, the apparent discrepancy between the
electrical and radioisotope measurements of permeability can
be rationalized by channels through the tight junctions that are
cation-selective and are so narrow that ions pass single file.
Such channels should also be narrow enough to restrict water to
be consistent with low transepithelial water permeability that is
found [141. As will be discussed, passive paracellular transport
of calcium, magnesium, and potassium may also occur through
these or similar channels.
Inquiries into the nature of the active chloride transport and
the closely related question of the origin of the transepithelial
voltage are being actively pursued by a number of investigators,
because these are two of the most intriguing puzzles posed by
the results with thick ascending limbs and diluting segments.
Although there is no general agreement yet and some of the
most interesting work has been published only in abstract form
or is in press, I will attempt to summarize the findings and
theories up to date. Most investigators now believe that the
chloride transport is secondarily active, coupled to the primary
active transport of sodium. This is illustrated in Figure 2.
Primary active sodium transport out of the epithelial cells via
the sodium and potassium activated adenosine triphosphatase
I\
Cortical
Table 1. Permeability (cm/sec >< 10")
Medullary
Numbers in brackets are references.
a From net fluxes along transepithelial activity differences.
b From bath to lumen radioisotope fluxes.
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Medullary thick ascending limbs
Rabbit 5, 48
[4, 20]
Mouse
Rat 11
[131
Cortical thick ascending limbs
Rabbit 10, 12
[26, 161
Mouse
Rat
Diluting segments
Trout
Frog 13
[51
Salamander 14
[5]
Amphiuma
7 to 10
[21, 26, 28]
25
[29]
7, 21
[22, 23]
10
[22]
13, 43
[22, 25]
3, 5
[22, 23]
10
[221
14, 26
[22, 25]
(Na-K-ATPase, g) lowers cell sodium activity. The resultant
sodium concentration difference across the lumen membrane
drives coupled sodium chloride transport into the cell. This is
secondary active chloride transport, and it increases the cell
chloride concentration. There is no consensus on the exact
nature of the coupling, however, or on the origin of the
transepithelial potential. Some possibilities are illustrated by
alternatives b through f in Figure 2. I will first summarize the
evidence for primary active sodium transport, and then consid-
er the other parts of the model.
Primary active sodium transport is driven by the Na-K-
ATPase. This enzymatic cation pump is present in large
amounts in thick ascending limbs (Table 2), In fact, if the
highest results for rabbit tubules [23] are considered, there is
sufficient Na-K-ATPase activity to transport sodium at a stoi-
chiometry of only two sodiums per ATP, similar to the ratio in
tissues known to transport sodium actively. Thus, there is
sufficient Na-K-ATPase to directly energize much of the ob-
served sodium transport. In contrast, there is no evidence of a
Cl-ATPase to drive primary active chloride transport. Ouabain,
3As discussed previously [23], we believe that we obtained higher
values for Na-K-ATPase because we did not lyophilize the tubules
(which results in loss of enzyme activity) and because we mixed
vigorously during the enzyme assays whereas others did not. Without
mixing the reaction rate may well have been limited by diffusion of
substrates and products in the assay mixture.
which is a specific inhibitor of Na-K-ATPase, inhibits sodium
chloride absorption (and the accompanying positive voltage) in
thick ascending limbs and diluting segments [3—6, 14, 34, 37, 42,
43]. Removal of potassium from the bath (which inhibits the Na-
K-ATPase) also inhibits sodium chloride absorption and the
positive voltage [19]. Thus, Na-K-ATPase activity is both
necessary and sufficient for the sodium chloride absorption
which supports the idea of primary active sodium transport, but
not that of primary active chloride transport.
The transport of sodium out of the cells by the Na-K-ATPase
should result in a low intracellular sodium concentration. This
was confirmed directly in amphiuma diluting segments by use of
a sodium-selective microelectrode [44]. Because the cell sodi-
um is lower than that in the lumen, there is a driving force for
sodium entry across the apical cell border. Chloride entry into
the cell is believed to be coupled to that of sodium. Such
coupling is consistent with observations that sodium chloride
transport and the transepithelial voltage are inhibited if either
sodium [6, 361 or chloride is [3—6, 19, 31, 361 eliminated
completely from the bathing solutions but the exact nature of
the coupled entry step is questionable, and a number of theories
have been proposed. Some of the proposals are illustrated in
Figure 2b, c, and d. The various proposals have in common that
the coupling results in secondary active chloride transport
which maintains the cell chloride electrochemical potential
higher than in either the lumen or blood. The high cell chloride
activity was demonstrated directly by the use of chloride-
specific microelectrodes in amphiuma [30]. The distinction
Table 2. NaCI fluxes and Na-K-ATPase (pmoles/cm sec)
Sodium Chloride
Lumen to Bath to Lumen to Bath to
Net bath lumen Net bath lumen Na-K-ATPase
99
[4]
37
131
3, 16
[4, 21]
8, 14
[14, 18]
24
[24]
59
[4]
24
[3]
7
[151
56
[13]
29, 54
[15, 13]
61
[13]
29
[61
12
[3]
18
[6]
Numbers in brackets are references.
Net fluxes were measured chemically or with equal radioisotope specific activity in perfusate and bath. Lumen to bath and bath to lumen fluxes
were unidirectional, measured with radioisotopes.
9
[5]
22
[30]
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Table 3. Voltage (my), resistance (fl cm2) and short-circuit current (pEq/cm sec)
Voltage
Resistance
.Short-circuit
current
Conductancea
Na/ClTransepithelial Intracellular
Medullary thick ascending limbs
Flow No flow
Rabbit 3 to 7 lO
[4, 20, 21, 33, 34] [4]
Mouse 5 25 II 21 2.2
[13—15] [15] [14] [14] [14]
Rat 4to6
[13, 24, 34]
Cortical thick ascending limbs
Rabbit 3 to lO 25 —69 25 to 34 II, 16 2.2, 2.7
[3, 21, 26, 31, 33—38] [3] [35] [3, 36, 37] [36, 3] [37, 3]
Mouse 7 2.2
[14, 29]
Diluting segments
Frog
Salamander
Toad
Amphiuma
Trout
13 22
[5] [5]
14
[5]
5
[5]
9 to 10
[30, 39, 40]
12 24
[6] [6]
—64 to —75
[30, 39, 40]
Numbers in brackets are references.
Values were calculated from NaCI dilution potentials.
between concentration and electrochemical potential (which
includes voltage) should be kept in mind. The voltage is
negative within the cells of thick ascending limbs and diluting
segments (Table 3). Although the cellular chloride concentra-
tion was only 11.5 m in amphiuma diluting segments, the
cellular chloride electrochemical potential was higher than that
in the blood because of the high negative cellular voltage. The
high cell chloride activity provides a driving force for conduc-
tive chloride flux out of the cells at their base (Fig. 2i), but there
is no direct evidence that this is the mechanism actually
involved.
At this point it is useful to digress, and consider the action of
various diuretics that inhibit the active chloride transport, since
they have been used extensively in studying it. The most widely
studied inhibitor is furosemide. Its action was first studied in
rabbit cortical thick ascending limbs [381. When placed in the
lumen it rapidly inhibited the transepithelial voltage and sodium
chloride reabsorption. The effects were subsequently confirmed
in cortical thick ascending limbs [45], medullary thick ascending
limbs [14, 15, 241, and diluting segments [5, 6, 30, 391, and have
in effect become a hallmark of the active chloride transport
system, since there is no comparable effect of the drug in other
nephron segments [38, 461. Bumetanide, which is a related
compound, has the same effect and is somewhat more potent in
rabbit thick ascending limbs [34]. Mersalyl [27], MK-l96 [24],
and ethacrynic acid (or more precisely its cysteine adduct) [28]
also inhibit the active chloride transport system. Furosemide
acts from the lumen as do the other diuretics [27, 281 and not
from the blood side [6, 14, 381. The action of furosemide is
extremely rapid. It requires less than one second to inhibit the
voltage [45]. Since it acts so quickly and only in the lumen it
presumably inhibits an active chloride transporter at that site
Electroneutral
Fig. 2. Model of ion transport by thick ascending limbs and diluting
.segments. Alternative proposals are shown for some steps.
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such as shown in Figure 2b, c, or d. Other effects of the
diuretics on the epithelia are small compared to the virtually
complete inhibition of chloride transport. Most cause a small
increase in transepithelial electrical resistance [27, 28, 38, 451,
but no change in the ratio of sodium to chloride conductance
[14, 27, 28, 381. Since furosemide specifically inhibits the active
chloride transport at the lumen membrane, it has been useful in
analyzing that system. Furosemide did not change the voltage
across the lumen membrane [30, 39, 44], but it did cause cell
sodium [44] and chloride [301 concentrations to fall. Also,
elimination of lumen sodium caused cell chloride to fall [30] and
vice versa [44]. All of these findings are consistent with the
various cotransport schemes shown in Figure 2.
Accepting that cotransport of sodium and chloride across the
lumen membrane drives secondary active chloride transport,
the question remains of the origin of the transepithelial voltage.
Greger proposed that the stoichiometry was one sodium per
two chlorides which could be directly electrogenic (Fig. 2b). He
considered at one time that the extremely rapid effect of
furosemide could not be otherwise explained [45]. This involve-
ment of two chlorides is also suggested by the sigmoid shape of
the curve relating short circuit current to chloride concentration
[471. The voltage across the lumen membrane was not affected
by furosemide [30, 39, 44], however, and there are other
possible explanations for the voltage besides directly rheogenic
transport. Hebert, Culpepper, and Andreoli [18] have theorized
that even with an electroneutral coupling of one chloride per
sodium (Fig. 2c) the voltage could be produced by back
diffusion of transported sodium through sodium-selective tight
junctions (Fig. 20. Most recently the role of potassium has been
emphasized. The transepithelial voltage is inhibited when po-
tassium is eliminated from the perfusate [35, 391 or barium (a
potassium conductance blocker) is added [35]. Perhaps, two
chlorides are cotransported with one sodium and one potassium
(Fig. 2d) [35, 39]. This is electroneutral by itself, but if there was
a conductive potassium leak back across the lumen membrane
through the high potassium conductance measured there [35,
39, 40] and a chloride conductance through the basolateral
membrane (Fig. 2i), it would explain the transepithelial voltage.
This is an active area of investigation and I, for one, look
forward to a resolution of the issues.
Although the origin of the positive transepithelial voltage
remains questionable, it is still interesting to speculate about its
functional significance. That it is important seems likely be-
cause it is highly conserved in teleosts, amphibia, and mamma-
ha. Its presence is not a necessary consequence of sodium
chloride cotransport, since that mechanism can exist with no
transepithelial voltage or a negative voltage. Further, two of the
mechanisms proposed to explain it are themselves without
apparent function, namely sodium secretion (Fig. 20 or potassi-
um secretion (Fig. 2e) which are both parts of futile cycles. A
more likely function of the voltage is to utilize energy from the
Na-K-ATPase to drive passive reabsorption of cations such as
sodium, calcium, magnesium, and potassium in an energy-
efficient manner. The existence of passive sodium absorption
across thick ascending limbs and diluting segments is supported
by considerable indirect evidence, which has been extensively
summarized previously [3, 4, 19, 35, 47]. In brief, the transepi-
thelial sodium conductance is so high that the observed trans-
epithelial voltage should drive sodium transport at a rate which
is a large fraction of that observed. Further, at static head the
observed voltage equals or exceeds that required for equilibri-
um with the observed sodium concentration ratio. Finally, the
short circuit current (Table 3) approximates the rate of net
sodium chloride transport, (measured with an open circuit)
Table 2 [37]. Therefore, it is plausible that much of the actual
chloride transport is active and sodium transport is passive
despite the convincing evidence that primary active sodium
transport energizes the whole process. Since the large sodium
conductance probably is through the tight junctions and para-
cellular spaces, the passive sodium transport probably follows
that route, also (Fig. 2a). The passive flux in effect amplifies
active sodium transport. For example, if the stoichiometry of
the lumen transporter is two chlorides per sodium, then the
primary active transport of one sodium could result in the
transepithelial transport of up to two chlorides and two sodi-
ums. One of the sodiums is transported directly by the Na-K-
ATPase (Fig. 2g); the other is transported passively through the
paracellular pathway (Fig. 2a). Note that only part of the
transepithelial voltage drives the putative passive sodium trans-
port, namely the transport potential. The sodium chloride
dilution potential that adds to it as sodium chloride concentra-
tion falls in the lumen cannot, of course, drive any passive
sodium absorption.
Although the calculations mentioned above suggest that there
must be a sizable fraction of passive sodium transport, there is
no direct evidence for it. One way to test the theory would be to
measure sodium and chloride fluxes while the tubule was short-
circuited. If all else remained constant, there should follow a
decrease in net sodium flux equal to the open-circuit passive
4-0.6
+0.4
U
U
0
0
'1)(0
:1
+0.2
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—10 0 +10 +20
Millivolts
Fig. 3. Voltage dependence of net trunsepithelial calcium flux across
rabbit cortical thick ascending limbs. Data are taken from• Bourdeau
and Burg 1311, A Shareghi and Agus [261, V Shareghi and Stoner 1551,0
Rocha et al [42], V A Suki et al 1331, and V Imai [43].
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fluxes in the rabbit medullary thick ascending limbs may be
Mg' Ka
rectified [48], similar to what will be later discussed for calcium
transport in the presence of parathyroid hormone. The intracel-
0.048 0.47 lular potassium concentration was observed to he high in non-
[26] [26] perfused rabbit cortical thick ascending limbs and cellular
potassium exchanged at a high rate as a single compartment [1].
Urea transport and urinary concentration. The reabsorption
of sodium chloride by thick ascending limbs and diluting
segments directly dilutes the tubule fluid, which is one of the
major functions of this part of the nephron. It also energizes the
process that concentrates the urine in mammalia. Its role in
urinary concentration can be divided conceptually into two
parts of which the first is the most direct. Thick ascending limbs
run in the medulla and medullary rays parallel to the descending
limbs and collecting ducts. Sodium chloride which is reab-
sorbed from the thick ascending limbs increases the interstitial
osmolality locally in the medulla and medullary rays and thus
provides the single effect for countercurrent multiplication
which concentrates the urine. The second role is less direct. It
was proposed that sodium chloride reabsorption by the thick
ascending limbs leads to separation of the reabsorbed salt from
urea which remains behind in the tubule lumen. Subsequent
mixing of the salt and urea in the inner medulla was proposed to
provide the energy source for the sodium chloride transport
which provides the single effect in the inner medulla. For this
mechanism to work best the thick ascending limbs should be
impermeable to urea, which in fact was proposed although no
direct measurements were available [49]. Recently, the urea
permeability of rabbit cortical thick ascending limbs was mea-
sured directly [17] and found to be high, of the same order as the
sodium chloride permeability (Table 1). Evidently, the role of
urea in the urinary concentrating mechanism has to be reconsid-
ered. An attempt was also made to measure the urea permeabil-
ity of the rabbit medullary thick ascending limb, but the
experimental conditions were such that it was difficult to draw
any conclusions about the absolute urea permeability [121
(Table 1).'
Bicarbonate was not found to be transported by rabbit
cortical thick ascending limbs [50] and it did not affect sodium
chloride transport in mouse medullary thick ascending limbs
[141. Also, high concentrations of acetazolamide, which is a
potent inhibitor of bicarbonate transport through its effect on
carbonic anhydrase, had no effect on the transepithelial voltage
or net chloride transport in rabbit cortical thick ascending limbs
[51]. Therefore, it was somewhat surprising that in mouse
cortical thick ascending limbs the addition of bicarbonate to the
perfusate and bath led to a large increase in sodium chloride
reabsorption which was inhibited by the carbonic anhydrase
inhibitor ethoxolamide [291. Bicarbonate itself was not reab-
sorbed by the mouse tubules [29], however, a result identical to
the result with rabbit tubules [50]. Evidently, there are major
species differences in this respect, which remain to be further
explored, and there may well be other ion coupling mechanisms
in the mouse tubules, in addition to those illustrated in Figure 2.
Multivalent ions. No transport of phosphate has been found
in thick ascending limbs [26, 42], but calcium and magnesium
are reabsorbed. The loop of Henle of a superficial nephron
reabsorbs some 20% of the filtered calcium [52] and 50 to 60%
of the magnesium [53]. Much of the magnesium and calcium
Ca'
0.14
[33]
Table 4. Permeability (cm sec x 10) of rabbit thick ascending limbs
Ca'"
Cortical 0.025 to 0.054h 0.062 to 0.130c
Medullary
a From net flux versus transepithelial voltage.
[31, 33, 43, 541
[26, 31, 431
sodium flux. While it is impractical to short-circuit isolated
tubules electrically, this can be done using dilution potentials to
apply a chemical voltage clamp [31]. Sodium chloride dilution
potentials were used in the past, but gradients of sodium
chloride are evidently inappropriate for the proposed experi-
ment. Instead, a salt should be used in which neither the cation
or anion is actively transported. If the conductance of its anion
exceeded that of its cation, it would be added to the bath or vice
versa. Then changes in transport of sodium and chloride
following short circuiting could be measured to test the theory.
I am not aware that anyone has attempted this experiment.
Potassium is reabsorbed in the thick ascending limb, resulting
in a low potassium concentration in the early distal tubule. The
mechanism of potassium transport probably is complex. There
presumably is primary active transport into the cells at their
bases (Fig. 2g) and possible secondary active transport at the
apical membrane as well [39] (Fig. 2d). The potassium conduc-
tance of the apical membrane is high [35, 401 which could lead
to potassium secretion (Fig. 2e), and there presumably also is
absorption across the basal membrane, (Fig. 2h). The transepi-
thelial potassium conductance is high [37] (Table 4), but it is
difficult to distinguish whether it follows a transcellular or
paracellular path. Given this plethora of potassium transport
characteristics, almost any finding is explainable. The actual
observation is that with symmetrical sodium chloride concen-
tration in the lumen and bath and the normal positive transport
potential, there is potassium secretion in frog and salamander
diluting segments [51 and little net flux across rabbit cortical
thick ascending limb [19, 26], but there is potassium absorption
in rabbit medullary thick ascending limbs [48]. The potassium
transport is markedly affected by its transepithelial electro-
chemical gradient, as might be predicted from its high transepi-
thelial conductance. Thus, chemical voltage clamp to negative
lumen voltages, led to high rates of potassium secretion [19, 26]
and clamp to positive voltages led to potassium reabsorption
[19, 26]. The latter, that is, high positive voltage, occurs in
cortical thick ascending limbs, as the static head for sodium
chloride is approached. This presumably accounts for net
potassium reabsorption in vivo via passive transport driven by
the transepithelial voltage. The driving force for passive potas-
sium transport includes the entire voltage, the sum of both the
transport potential and the dilution potential, in contrast to
passive sodium transport which is driven only by the transport
potential. In the medulla transepithelial chemical concentration
differences of potassium may dominate. These lead to large net
potassium fluxes [48]. Interestingly, the presumably passive
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absorption in the ioop of Henle presumably occurs in the thick
ascending limbs, and this is one of their major functions.
Calcium transport has been studied extensively in rabbit
cortical thick ascending limbs. These results are discussed in
detail by Ng, Peraino, and Suki [54] in this same issue. It is
difficult to summarize the results, however, because there are
major differences between various laboratories leading to an
important disagreement about the mechanism of calcium trans-
port. I would like to discuss briefly the views concerning this
subject. I will first discuss the results from my own laboratory
[311 together with those that are in agreement [26, 55] and then
discuss the conflicting results from other laboratories [33, 42,
43].
Calcium flux across rabbit cortical thick ascending limbs was
measured by Bourdeau and myself, using 45Ca [31], and by
Shareghi and Agus [26] using electron probe analysis. The
results are virtually identical. We both used chemical voltage
clamp to maintain different transepithelial voltages over the
range from approximately —15 to +15 my. The voltage clamp
was achieved by various combinations of sodium chloride
dilution potentials, nitrate substitution for chloride, and furose-
mide. The result was that net calcium flux varied directly with
voltage (Fig. 2). There was no net flux at zero voltage which
was interpreted to indicate that calcium transport was passive,
driven by the transepithelial voltage. A contrary conclusion was
reached by Rocha, Magaldi, and Kokko [42], Suki et al [33], and
Imai [43]. They measured 45Ca fluxes and found considerably
higher net calcium flux than we did (Fig. 2). Further, they found
that when the voltage was reduced with a chemical voltage
clamp [43] or ouabain [42], there was still a large net calcium
flux. They concluded that calcium flux is active and whatever
passive flux exists is relatively unimportant. Each side has
criticized the other's methods [31, 43, 52] without persuading
them. I will not repeat the arguments here but remind the reader
to keep this disagreement in mind later when I discuss the
mechanism and importance of the passive calcium transport
which is the only mode that we observed. There were also some
important points of agreement. The 45Ca flux ratio exceeded
that predicted by the transepithelial voltage for independent and
passive fluxes [31, 33, 42, 43] in all studies, but one [55]. This
was interpreted as due either to active calcium transport [33, 42,
43] or single file diffusion [31]. The transepithelial calcium
permeability calculated from bath to lumen 45Ca flux was in
satisfactory agreement between the various laboratories (Table
4). The same was true of permeability calculated from changes
in net calcium flux with voltage (Table 4). The permeability
calculated from the calcium conductance, that is, change in net
flux with voltage, is greater than that calculated from the
isotope flux, however, which is consistent with single file
diffusion of calcium as already discussed for sodium.
There is disagreement concerning the effect of furosemide on
calcium transport in this segment. Suki et al [33] did not find
any effect on the lumen to bath calcium flux, but Imai [431,
found it to be inhibited. Bordeau, Buss, and Vurek (to be
published) have found virtually complete inhibition of net
calcium flux by furosemide in rabbit cortical thick ascending
limbs under conditions in which the furosemide reduced the
voltage to zero. Imai [43] reported that cyanide inhibited the
lumen to bath calcium flux, but that ouabain and ruthenium red
did not.
Calcium transport was measured in rabbit medullary thick
ascending limbs by Suki et al [33]. With equal sodium concen-
trations in the perfusate and bath the transepithelial voltage was
5.5 my and the rate of net calcium reabsorption was 0.27 pEq/
cm sec (calculated from the difference between the unidirec-
tional fluxes), The flux ratio was 2.0 which did not differ
statistically from the theoretical ratio of 1.6 fo? independent and
passive fluxes. They concluded that calcium transport was
passive, in contrast to their conclusion for the cortical portion
and they emphasized this "heterogeneity." The transepithelial
permeability, calculated from the bath to lumen flux was 0.14 x
l0 cm/sec which is more than five times greater than their
result in the cortical portion (0.t)26 x l0). Thus, there is a
much greater rate of passive calcium absorption driven by the
transepithelial voltage in the medullary than in the cortical
portion.
Magnesium transport was measured in rabbit cortical thick
ascending limbs by Shareghi and Agus [261. The results were
similar to what they found with calcium in the same experi-
ments. With the chemical voltage clamp the net magnesium
transport was related directly to voltage with no net transport at
a voltage of zero. Thus, magnesium was reabsorbed passively,
driven by the transepithelial voltage. Magnesium permeability,
calculated from the relation between voltage and transport
approximately equalled calcium permeability determined in the
same fashion (Table 4), leading to a similar rate of transport.
I have already discussed the role of the positive transepithe-
hal voltage and high cation conductance of thick ascending
limbs and diluting segments in sodium and potassium transport.
The conclusion was that a substantial, but undetermined,
fraction is passive, driven by the voltage and that this passive
component serves to reabsorb both cations. The proposed
pathway of the passive component was paracellular, related to
the high paracellular conductance. In the case of sodium the
driving force was limited to the transport voltage that resulted
from the active chloride transport, and did not include the
sodium chloride dilution potential that adds to it as sodium
chloride concentration falls in the lumen. There is also a
substantial conductance to calcium and magnesium. Therefore,
the voltage presumably drives their transport as well. Theoreti-
cally, the relative effect may be even greater for them than for
sodium. For one thing, calcium and magnesium are divalent
which results in a greater driving force for a given voltage. Also,
the entire transepithelial voltage is effective, both the active
transport voltage and the sodium chloride dilution potential.
The passive calcium and magnesium transport are presumably
paracellular for the same reasons already discussed for sodium.
Passive paracellular transport of calcium and magnesium is
energy efficient, since it avoids entry of these ions into the cells
where their electrochemical activity is low. This low intracellu-
lar electrochemical activity poses a formidable energy barrier
for active transport out of the cells across their serosal surfaces.
Also, the cellular levels of calcium and magnesium may regulate
various vital functions which could be adversely affected if the
levels varied with the demands of transepithehial transport.
Regulation. Thick ascending limbs are regulated by a number
of hormones that act through adenylate cyclase and cyclic
AMP. The hormones and their sites of action were first identi-
fied by stimulation of adenylate cyclase in nephron fragments
dissected after collagenase treatment. A summary of the results
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Table 5. Hormone sensitive adenylate cyclase in thick ascending limbs [56]
Species Location Vasopressin Parathyroid Calcitonin Glucagon Isoproterenol
Rabbit Medullary (++)a 0 +++ + 0
Cortical + ++ + NT 0
Rat Medullary ++++ 0 ++ +++H- 0
Cortical ++ ++++ ++++ +++ ++
Mouse Medullary + + + 0 0 NT 0
Cortical + + + + + + + NT +
Human Medullary 0 + + + + NT NT
Cortical 0 + + + + NT NT
Abbreviation: NT, not tested.
a Highly variable.
is shown in TableS [56]. Some of the hormones have now been
tested directly in isolated perfused tubules and shown to affect
transport in those segments.
Arginine vasopressin stimulated adenylate cyclase in rat and
mouse medullary thick ascending limbs. It had a variable effect
in rabbit tubules and none in human tubules. The hormone
increased the rate of sodium chloride reabsorption and the
transepithelial voltage in mouse and possibly also in rat medul-
lary thick ascending limbs [13—15]. It did not affect cortical
thick ascending limbs from mice [141, nor the medullary por-
tions from rabbits [13]. It had no effect on the transepithelial
water permeability [13—15]. Cyclic AMP analogues acted simi-
larly to vasopressin [13—15]. Since vasopressin increased cyclic
AMP level and protein kinase activity in rat medullary thick
ascending limbs [57], the mechanism evidently is the generally
accepted role of cyclic AMP as a second messenger.
The increased sodium chloride reabsorption in medullary
thick ascending limbs following vasopressin should enhance
urinary concentrating ability by the mechanisms already dis-
cussed. The increased sodium chloride reabsorption does not
decrease urinary sodium excretion, however, or even decrease
sodium delivery to the distal tubule. The reason is apparent
from the kinetics of sodium chloride reabsorption. The concen-
tration of sodium chloride in the tubule fluid reaches a static
head in the cortical portion of the thick ascending limb which
accounts for the relative constancy of sodium chloride concen-
tration generally measured in the early distal tubule by micro-
puncture [8]. Given a fixed concentration of sodium chloride at
the end of the ascending limb, sodium chloride delivery to the
distal tubule must be constant necessarily at a given flow rate
[8]. Following arginine vasopressin more sodium chloride is
reabsorbed presumably in the medullary portion and less in the
cortical portion. The same static head is reached but earlier in
the cortical segment. These kinetic considerations are sufficient
to account for the constancy of distal delivery, despite stimula-
tion of sodium chloride reabsorption by vasopressin.
Osmolality and prostaglandins have been shown to modulate
the vasopressin effect on medullary thick ascending limbs. In
rat tubules arginine vasopressin increased the transepithelial
voltage only when the perfusion solutions were hypertonic, and
then only by a few millivolts [13]. In mice, on the other hand,
hypertonicity greatly reduced the effect of vasopressin to
increase sodium chloride transport and voltage [581. This find-
ing raises questions about the significance for urinary concen-
tration of the increase in sodium chloride reabsorption caused
by vasopressin. Medullary osmolality rises during antidiuresis.
If this hypertonicity inhibited vasopressin-stimulated sodium
chloride reabsorption in vivo as it does in vitro, then the
vasopressin-stimulated increase in sodium chloride transport
would be largely dissipated by the time the urine became
concentrated. The result would be to shorten the time required
to concentrate the urine without affecting the final state very
much. Prostaglandin E2 (PGE2) pseudocompetitively inhibited
the increase in voltage and sodium chloride transport caused by
vasopressin but not the increase caused by a cyclic AMP
analogue [59]. Therefore PGE2 apparently inhibits a step in
hormonal activation prior to cyclic AMP accumulation.
Parathyroid hormone and calcitonin effects will be discussed
in detail in another paper of this symposium [54].
Prostaglandin E2 inhibited sodium chloride absorption and
the transepithelial voltage in rabbit medullary thick ascending
limbs but not in the cortical portion [21]. The inhibition oc-
curred when the PGE2 was added either to the perfu sate or bath
and when the perfusate and bath were either isotonic or
hypertonic but not when serum was used in the bath. No reason
for the failure of prostaglandin to act in serum was apparent, but
in an earlier study in which serum was used [20] there also had
been no effect.
Aldosterone is not generally believed to act on thick ascend-
ing limbs, but the evidence is equivocal. Vandewalle et al [60]
found some specific nuclear binding of aldosterone to dissected
medullary and cortical rabbit thick ascending limbs, but the
level was only a small fraction of that bound to cortical
collecting ducts which are known targets of aldosterone. Garg,
Knepper, and Burg [23] did not find any increase in Na-K-
ATPase in rabbit medullary or cortical thick ascending limbs
following treatment of the rabbits with either a low salt diet or
desoxycortisone acetate whereas the enzyme level increased
greatly in cortical collecting ducts. Marver and Schwartz [61]
and Marver and Lombard [62] tested the effect of adrenalecto-
my on the level of citrate synthase in rabbit tubules since they
regarded this as an indicator of aldosterone action. They found
no effect on cortical thick ascending limbs [61] but did find that
adrenalectomy of rabbits inhibited the enzyme in the medullary
portion [62]. The inhibition in the medullary thick ascending
limb was prevented by administration of aldosterone to the
adrenalectomized rabbits but not by dexamethasone. Thus,
there is little evidence for aldosterone action in the cortical
thick ascending limb but more evidence suggesting an effect in
the medullary part.
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Energy metabolism of thick ascending limbs has been studied
by analysis of the enzymes that are present and of the produc-
tion of metabolites from radioactive substrates. Based on the
enzyme measurements, oxidative metabolism is the major
energy source [65]. Enzymes of both glycolysis and the citric
acid cycle were found in large amounts [631. Also, cortical and
medullary thick ascending limbs from rats incubated in vitro
produced 4C02 from 14C-glucose, -2-oxoglutarate, -lactate,
-palmatate, -glutamate, and -glutamine, but not from -malate,
-succinate, or -citrate [64]. Since the tubules were not perfused,
the energy metabolism directly associated with active transepi-
thelial transport cannot be estimated, however, and interpreta-
tion is limited further because the specific activity of the tissue
pools was not measured. Without knowing the specific activity
in these pools, it is difficult to exclude the possibility that a low
level of 14C02 production results from dilution of the radioac-
tive substrate in a large tissue pool, rather than from a low rate
of metabolism, In a more recent study [65] glycolysis was
judged to be the dominant pathway of glucose metabolism and
the pentose shunt was relatively small. Activity of the enzymes
of gluconeogenesis was low [66] and relatively little gluconeo-
genis was found in incubated thick ascending limbs [671.
Development of transport was studied in cortical thick as-
cending limbs by perfusing tubules from rabbits 2 to 10 days old
and comparing the results to those with tubules from mature
rabbits [16]. The tubules from the developing rabbits had a low
water permeability similar to the mature tubules, but they had a
much lower rate of sodium reabsorption and a higher sodium
concentration at static head.
New preparations have been described recently for the study
of thick ascending limb cells. Eveloff, Haase, and Kinne
developed a method to separate thick ascending limb cells from
rabbit medulla (68). Oxygen consumption by the cells was
inhibited under conditions known to inhibit active chloride
transport in perfused tubules, indicative of the persistence of
characteristic active transport in the preparation [69]. Vesicles
prepared from the cells demonstrated chloride-dependent sodi-
um uptake that was inhibited by furosemidc [70], and the same
was found in a more advanced preparation of vesicles specifi-
cally from the lumen plasma membranes of the cells [71]. In the
latter preparation it was possible to estimate a stoichiometry of
one sodium to two chlorides for the lumen entry step. Another
new preparation is primary cultures of rabbit medullary thick
ascending limbs which demonstrated a positive transepithelial
voltage that was inhibited by furosemide, indicating the persist-
ence of differentiated active chloride transport [721.
Future studies. There are now enough direct studies of thick
ascending limbs and diluting segments so that some general
principles are emerging, but most of these require further
testing. 'rhe association of electrogenic active chloride trans-
port with urinary dilution by sodium chloride reabsorption has
been identified in tubules from amphibians, fresh water teleosts
and mammals. It would be interesting to know whether the
association is also present in birds and reptiles. The mechanism
of the electrogenic active chloride transport seems close to
being worked out, but requires confirmation. I have proposed
here that the functional significance of the positive voltage is
that it drives passive paracellular reabsorption of cations in-
cluding calcium and magnesium in an energy-efficient manner.
To test this speculation adequately will require better definition
of the extent and pathway of the passive fluxes. Also, it would
be interesting to know whether or not there is important passive
cation transport in other classes besides mammalia. The finding
of high urea permeability in cortical thick ascending limbs raises
new questions about urea excretion and urinary concentration.
Since the pace of studies on this part of the nephron has
accelerated remarkably in the past few years, I anticipate that
the answers to these and other questions should be forthcoming
soon.
Summary. Thick ascending limbs of Henle's loop have at
least three major roles: (1) They reabsorb sodium chloride
which dilutes the urine. (2) The reabsorption of sodium chloride
also produces concentration gradients that drive the counter-
current multiplier system in the medulla and medullary rays and
thus concentrates the urine. (3) They reabsorb large amounts of
potassium, calcium, and magnesium in an energy-efficient man-
ner. The mechanisms involved in these functions are reviewed
in this paper, emphasizing the results of direct studies on
isolated tubule segments.
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